Introduction
Over the last two decades there has been significant interest in rare-earth-ion-doped planar waveguide amplifiers [1] [2] [3] [4] [5] [6] [7] [8] [9] for integrated optical applications. Such low-cost, compact components can be very useful for amplifying optical signals at a high data rate of 170 Gbit/s [8] and compensating optical losses owing to waveguide materials, signal routing, and input/output coupling within an integrated optical circuit.
Neodymium-doped waveguide amplifiers [1-3, 5, 6 ] and lasers [10] [11] [12] are of interest for applications at the ion's specific emission wavelengths. The Nd 3+ 1060-nm gain transition ( 4 F 3/2 → 4 I 11/2 ) has been widely studied. It has a fourlevel-energy structure and a large emission cross-section, which provides significant gain at low excitation power for optical amplification. Emission on the 4 F 3/2 → 4 I 9/2 ground-state transition around 865-930 nm is of interest for signal amplification in integrated optical applications, e.g., data transmission in optical interconnects [13] [14] [15] [16] and medical diagnostics [17, 18] . Furthermore, the excited-state transition 4 F 3/2 → 4 I 13/2 at 1330 nm, corresponding to the wavelength of the second standard telecommunication window, is used for high-speed amplification of optical signals at the telecommunication O-band (1260-1360 nm).
Amorphous aluminium oxide (a-Al 2 O 3 ) has been investigated as a gain material due to its low loss, good mechanical stability and-compared to other amorphous dielectric materials-large thermal conductivity and refractive index, the latter property allowing high integration density [7] . Besides, Al 2 O 3 is compatible with Si-based technology. Previously, Er-doped Al 2 O 3 has been studied as a gain medium and a peak gain of 2 dB/cm at 1533 nm, and net gain over a wide wavelength range of 80 nm has been demonstrated [9] .
In this work, Al 2 O 3 is used as the host material for Nd 3+ . A maximum 14.4-dB and 5.1-dB gain is demonstrated at 1064 nm and 1330 nm, respectively, in a 4.1-cm-long Al 2 O 3 :Nd 3+ channel waveguide. In addition, gain around 865-930 nm is observed, and a peak gain of 3.0 dB at 880 nm is achieved. Energy-transfer upconversion (ETU) of Nd 3+ ions in the Al 2 O 3 host is studied by measuring luminescence decay curves, as well as in gain calculations by use of a rate-equation model. The macroscopic ETU parameter as a function of Nd 3+ concentration is derived.
Waveguide fabrication and spectroscopic characterization

Waveguide fabrication
Deposition of planar Al 2 O 3 waveguides with and without rare-earth-ion dopants has been optimized by use of an AJA ATC 1500 reactive sputtering system equipped with RF sputtering guns, resulting in layers with low background loss [7] . Here, Al 2 O 3 :Nd 3+ layers with a thickness of 600 nm were reactively co-sputtered by the same system onto 8-µm thermally oxidized Si wafers. High-purity Al and Nd metallic targets were sputtered using Ar guns, while oxygen was supplied as a gas. [19] . One half of each layer was left unpatterned for planar waveguide experiments. The channels have a width of 2.0 µm and shallow etch depth of ∼70 nm, using air as the cladding. The etch depth, layer thickness, and waveguide width were selected to ensure strong confinement of the propagating optical signal within the uniformly doped Al 2 O 3 :Nd 3+ layers and single-mode behavior with excellent overlap of signal and pump modes. The waveguide samples were cleaved to different lengths varying from 0.85 to 4.25 cm.
Loss measurements
The broadband loss spectra of Al 2 O 3 :Nd 3+ layers were measured using the prism coupling method. White light from a broadband source (FemtoPower1060, SC450, Fianium) was coupled into the film and out again after propagating an adjustable distance through the film by use of two prisms. The transmission spectra were collected by a largecore liquid fiber and recorded by a spectrometer (Jobin Yvon iHR550). The loss spectrum of the film (Fig. 1a) [7, 19] , which indicated that very low extra propagation losses were introduced in channel waveguides by patterning. In this work, the propagation losses in channel waveguides at each wavelength were determined by detecting luminescence or scattered signal light along the propagation direction by use of a CCD camera and software analysis [20, 21] . Additional channel propagation losses of 0.6, 0.3, and 0.15 dB/cm were measured in Al 2 O 3 :Nd 3+ channel waveguides at 880, 1064, and 1330 nm, respectively.
The Judd-Ofelt theory [22, 23] for the investigation of 4f transitions in rare-earth-ion-doped materials was applied for studying the optical transitions of Nd 3+ in Al 2 O 3 . The Judd-Ofelt parameters of Nd 3+ were determined with the aid of the Nd 3+ absorption bands measured in our waveguides, which were obtained by subtracting the background propagation loss in Fig. 1a With these parameters, the radiative decay rates A J J , radiative lifetimes τ rad , and branching ratios B were obtained and are presented in Table 1 .
Luminescence measurements
By pumping a channel waveguide at 802 nm with a Ti:Sapphire laser, the luminescence spectrum was measured using a spectrometer (Jobin Yvon iHR550), see Fig. 1b . Three distinct emission bands with peaks at 880, 1065, and 1340 nm were observed, which correspond to Nd 3+ transitions from the metastable 4 F 3/2 level to the 4 I 9/2 , 4 I 11/2 , and 4 I 13/2 levels, respectively. Compared to the Nd 3+ luminescence in crystals, which consists of a number of separate sharp peaks due to transitions between individual crystal-field levels [24] , the Nd 3+ luminescence bands in amorphous Al 2 O 3 are broader and much less structured because of inhomogeneous line broadening, thus providing large gain bandwidths in an optical amplifier.
Luminescence decay measurements of Nd 3+ in Al 2 O 3 were performed using an external-cavity diode laser (Tiger, Sacher Lasertechnik) emitting at 802 nm as the excitation source. The laser diode was modulated by an external square-pulse generator and delivered pulses of 4-ms duration, allowing the excitation of the Nd 3+ system to reach a steady state before the pump was switched off. The luminescent light was collected from the waveguide surface by a large-core liquid fiber. Figure 1c shows the luminescent decay curves measured at 1065 nm for four different Nd 3+ concentrations. In the decay curve (1) for the lowest concentration, except for a faster decay occurring during the first ∼50 µs after switching off the pump excitation, which is attributed to energy-transfer upconversion (ETU) between neighboring Nd 3+ ions in their 4 F 3/2 excited levels [25, 26] , an exponential decay was observed. A luminescence lifetime of 325 µs was derived from the exponential part of the decay curve, which was independent of the excitation intensity. It is of the same order of magnitude as the radiative lifetime of 474 µs calculated by Judd-Ofelt analysis from the data of Table 1 . The decay curves (2)-(4) for higher Nd 3+ concentrations exhibit an increasingly nonexponential decay owing to the effect of ETU. The study of ETU parameters of Nd 3+ from the measured luminescence decay curves will be discussed in Sect. 4, together with an ETU study including the measured gain and a rate-equation model.
Optical gain investigation
Gain measurement
A pump-probe method was used for the small-signal-gain measurement. Pump light was provided by a Ti:Sapphire laser operating at 802 nm. Diode lasers at 880 and 1330 nm and a Nd:YAG laser at 1064 nm were applied as the signal sources. Alternatively, for investigating the broadband gain spectrum at the 4 F 3/2 → 4 I 9/2 ground-state transition, the Ti:Sapphire laser was tuned around 845-945 nm and used as the signal source, while an external-cavity diode laser operating at 802 nm was applied as pump source. After attenuation of the signal power to typically 1-10 µW the smallsignal gain could be measured. A mechanical chopper was inserted into the signal beam path and connected to a lockin amplifier. Pump light and modulated signal light were combined by a dichroic mirror and coupled into and out of the waveguide via microscope objectives. The unabsorbed pump light coupled out of the waveguide was blocked by a high-pass filter (RG830 or RG850), while the transmitted signal light was measured by a germanium photodiode and amplified with the lock-in technique. The optical gain was determined by measuring the ratio of the transmitted signal intensities I p and I u in the pumped and unpumped case, respectively. By subtracting the waveguide background propagation and absorption losses α(λ) (dB/cm) at the signal wavelength, the internal net gain was obtained by calculating the small-signal-gain coefficient in dB/cm from the equation
where l is the length of the waveguide channel. This approach eliminates coupling losses that occur in the measurement from the evaluation and provides the gain experienced by the launched signal power along the waveguide.
Gain at 880 nm, 1064 nm and 1330 nm
For a four-level gain transition, the gain peak is expected at the peak luminescence wavelength of the transition. The same accounts for a three-level transition at high population inversion, as is typically the case under the chosen pump conditions for the waveguide geometries investigated here. Therefore, the internal net gain in our channel waveguides was measured at 880 nm ( Fig. 2a ) and 1064 nm (Fig. 2b) , corresponding to the luminescence peaks of the 4 F 3/2 → 4 I 9/2 and 4 F 3/2 → 4 I 11/2 transitions, respectively. For the transition 4 F 3/2 → 4 I 13/2 , due to the availability of signal source, the gain was measured at 1330 nm (Fig. 2c) , at which the emission cross section has a value equaling 75% of its peak value at 1340 nm. For each Nd 3+ concentration, internal net gain at three to four different waveguide lengths was investigated to simultaneously maximize pumplight absorption and minimize excess propagation losses as well as, at the three-level transition, reabsorption at the signal wavelength. The results of Figure 3a displays the internal net gain per unit length measured for seven different Nd 3+ concentrations at a short channel length (0.85-1.00 cm for gain at 880 nm and 1.30-1.65 cm for gain at 1064 and 1330 nm). At such short lengths the pump power was not completely absorbed, i.e., it became possible to optimize the Nd 3+ concentration at the three wavelengths. A maximum gain per unit length of 6.3 dB/cm and 1.93 dB/cm at 1064 nm and 1330 nm, respectively, was observed in samples with a concentration of 1.68 × 10 20 cm −3 , while a maximum 1.57 dB/cm gain was Figure 3b shows the gain in dB/cm versus launched pump power in these three samples with optimum Nd 3+ concentration and channel length. The gain saturation at higher pump power is mainly due to the ETU processes from 4 F 3/2 [25, 26] .
As not all the Nd 3+ ions are excited in long samples due to the limitation of launched pump power and concentration- dependent Nd 3+ absorption, the gain per unit length decreases for long propagation length. In the heavily Nd 3+ -doped (2.95 × 10 20 cm −3 ) samples, the 45-mW launched pump power was absorbed completely within the first 2 cm of the channel. Consequently, there was no contribution to gain but only added propagation and potentially absorption loss at longer lengths. Since reabsorption of signal light is negligible at 1064 nm and 1330 nm, higher total gain can be achieved at these two transitions in longer samples with sufficient launched pump power. Therefore, the Nd 3+ concentration of 1.68 × 10 20 cm −3 , which provides maximum gain per unit length at 1064 and 1330 nm, is the optimal Nd 3+ concentration for gain at these two wavelengths in our waveguides. At 880 nm, although gain of 1.57 dB is reached in a 1.0-cm-long sample, the total gain drops significantly when increasing the channel length owing to strong reabsorption of signal light by Nd 3+ ions in their ground state.
The reabsorption of Nd 3+ must be taken into account when studying the gain at the Nd 3+ ground-state transition.
Gain spectrum at 845-945 nm
Since the three-level transition 4 F 3/2 → 4 I 9/2 exhibits wavelength-dependent reabsorption losses when the inversion is incomplete, the gain spectrum over the whole luminescence bandwidth was investigated. The gain spectrum can be calculated from the absorption and emission cross sections of Nd 3+ in Al 2 O 3 using the equation
where σ s gain (λ), σ s em (λ), and σ s abs (λ) are the wavelengthdependent gain, emission, and absorption cross sections, respectively, at the signal wavelength, and β is the fraction of excited Nd 3+ ions.
The Nd 3+ absorption cross section σ s abs (λ) in cm 2 was derived from the equation
where N 0 is the Nd 3+ concentration in cm −3 , α Nd (λ) is the absorption coefficient as obtained from Fig. 1a by subtracting the background loss, and Γ is the confinement factor in the Al 2 O 3 :Nd 3+ layer. The emission cross section σ s em (λ) was determined with the Füchtbauer-Ladenburg equation [27] 
where c is the speed of light in vacuum, n is the refractive index of the medium, and I (λ) is the intensity of measured luminescent light. The branching ratio B and radiative lifetime τ rad were taken from Table 1 . Both spectra are displayed in Fig. 4a . As shown in the figure, the spectra can be converted to each other by use of the McCumber theory [28] ,
where Z 0 /Z 1 is the energy partition function based on the Stark splitting and thermal distribution of the population of the ground and excited states, E 0 is the zero-line energy, E(λ)is the transition energy for the wavelength λ, k is Boltzmann's constant, and T is the temperature. Equal peak heights and good agreement of the spectral shapes are obtained for a partition function of Z 0 /Z 1 = 2. In order to compare the calculated and measured internal net gain spectra, the internal net gain coefficient in dB/cm .00, and 4.25 cm, respectively. As expected, the results of Fig. 4b show that the gain peak on the ground-state transition is not always at the luminescence peak but strongly depends on population inversion. For high excitation fractions, the gain peak is close to the luminescence peak at 880 nm, while for low excitation fractions, the gain peak moves to longer wavelengths. The gain spectrum was also measured with channel length of 0.85-1.00 cm for various Nd 3+ concentrations at a launched pump power of 45 mW (Fig. 4c) . From the measured results in Figs. 4b and 4c , the broadest gain bandwidth observed in our waveguides was 865-930 nm.
Simulations and ETU parameter
With the aid of a rate-equation model, the optical gain in our waveguides at 880, 1064, and 1330 nm was simulated, and the ETU parameter was determined as a function of Nd 3+ concentration by fitting the simulated to the experimental results. In addition, the ETU parameter was determined from the measured luminescence decay curves.
Rate-equation model and gain simulation
The Nd 3+ transition 4 F 3/2 → 4 I 9/2 around 880 nm is a three-level transition. Nd 3+ ions are excited at 802 nm from the ground state 4 I 9/2 to the pump level 4 F 5/2 followed by a fast decay to the metastable excited state 4 F 3/2 . Since all other excited states in Nd 3+ exhibit fast multiphonon relaxation and have very short lifetimes, the rate equations describing the population mechanisms of this system can be simplified as follows [25, 26] :
where N 4 and τ 4 are the population density and lifetime of the 4 F 3/2 level, respectively, N 0 is the ground-state population density, and N d is the dopant concentration. To study the effect of ETU, three ETU processes originating in the metastable 4 F 3/2 level of the Nd 3+ system were taken into account and expressed by a single macroscopic parameter W ETU in the simulation, as these processes lead to similar results concerning the population dynamics in the Nd 3+ system [25] . The rates of pump absorption R 05 , signal reabsorption R 04 and stimulated emission R 40 can be expressed as follows:
where σ p abs , σ s abs , and σ s em are the pump-absorption, signalabsorption, and stimulated-emission cross sections, λ p and λ s are the wavelengths and I p and I s the intensities of pump and signal light, respectively, launched into the waveguide in propagation direction z, and h is Planck's constant. At steady state, we can solve the above equations analytically.
Since the terminating states 4 I 11/2 and 4 I 13/2 of the transitions at 1064 and 1330 nm, respectively, exhibit a very short lifetime on the order of a few ns, these transitions constitute four-level systems. The reabsorption at the signal wavelength can be neglected, and the rate equations can be simplified further as follows:
In addition to discretization in the propagation direction z, a radial discretization [23, 24] was included in the simulation. The optical mode profiles and confinement of optical power within the polymer channel waveguides were determined by the finite difference method and using geometry and refractive indices of the channel waveguides (Table 2), with the aid of the FieldDesigner software package (PhoeniX [29] ). The percentage of pump and signal power outside the active region, which does not contribute to the population dynamics, was not taken into account in the simulation. The optical mode profiles were then approximated by Gaussian profiles. The amount of pump or signal power P P /S (r, z) passing through a circle of radius r at a propagation distance z is described by the equation
where P P /S,total (z) is the total power propagating at a distance z, and w P /S is the Gaussian beam waist of pump and signal mode, respectively, which is defined as the radial distance at which the optical intensity drops to 1/e 2 of its peak value. The total remaining power of pump and signal beams were each redistributed in a Gaussian profile before entering the next longitudinal propagation step. [6, 25, 26, [30] [31] [32] [33] [34] The experimentally determined spectroscopic parameters (Table 2) were used in the simulation. The population and propagation equations were solved using 128 longitudinal and 32 radial elements. The unknown ETU parameter W ETU was used as the only fit parameter in the simulation. The calculated gain (solid lines) is given together with the measured results in Figs. 2 and 3 . The experimental and simulated results are in good agreement with each other.
ETU parameter
From the simulation of our Al 2 O 3 :Nd 3+ channel waveguide amplifiers, the ETU parameter was determined for seven different Nd 3+ concentrations independently at each of the three signal wavelengths (Fig. 5a ). For each concentration, the values fitted to the gain measured at the three different wavelengths show less than 10% deviation from each other; only for the Nd 3+ concentration of 0.65 × 10 20 cm −3 , a deviation of 14% was observed. The deviation is caused by experimental errors in the spectroscopic measurements and gain investigations. The ETU parameter obtained in this way in our waveguides exhibits a linear dependence on Nd 3+ concentration, see Fig. 5a . In addition, the ETU parameter was also studied by the measured luminescence decay curves (Fig. 1c) . By setting the pump and signal terms to zero and solving (7) or (12) time-dependently, the Bernoulli equation is derived:
The intrinsic lifetime τ 4 equals the luminescence lifetime obtained from the exponential decay at very low dopant concentration; it remains constant at all dopant concentrations. The ETU parameter was determined by fitting (16) to the measured luminescence decay curves. The fitted curves show very good agreement with the measured decay curves at 1064 nm (see Fig. 1c Fig. 5a ).
The main error in this approach is the deviation of the point were t = 0 in the decay curve, due to the power fluctuation of the excitation laser. The deviation of the ETU parameters determined from the two independent approaches is between 6.5-23% for different Nd 3+ concentration, which is reasonable considering the errors inherent to both approaches. The agreement obtained between the two independent approaches indicates that the obtained values are reliable.
Assuming that the ETU parameter of Nd 3+ in Al 2 O 3 increases linearly with ion concentration, we averaged the values obtained for each concentration. Figure 5b shows the averaged ETU parameter for seven Nd 3+ concentrations (open circles) and a linear fit. The ETU parameters at different Nd 3+ concentrations in various materials [6, 25, 26, [30] [31] [32] [33] [34] are also displayed in the same figure for comparison. Al 2 O 3 :Nd 3+ exhibits a higher ETU parameter than the majority of glass, polymer, and crystalline materials.
Conclusion
Al 2 O 3 :Nd 3+ layers have been deposited on thermally oxidized Si substrates, and single-mode channel waveguides have been fabricated. At the investigated signal wavelengths of 880 nm, 1064 nm, and 1330 nm, small-signal gain of 1.57 dB/cm, 6.30 dB/cm, and 1.93 dB/cm, respectively, has been demonstrated for individually optimized Nd 3+ concentrations. A maximum gain of 3.0 dB, 14.4 dB, and 5.1 dB, respectively, has been obtained. On the ground-state transition, net optical gain has been demonstrated across the wavelength range 865-930 nm, with good agreement between calculated and measured gain spectra. With the gain simulated by a rate-equation model and by fitting of measured luminescence decay curves, the ETU parameter of Nd 3+ in Al 2 O 3 has been studied.
Such waveguide devices may be well suited for providing optical gain in integrated optical applications, e.g., lossless data transmission in optical interconnects and telecommunication, signal enhancement in integrated Raman spectroscopy or lasers integrated into opto-fluidic chips.
